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Abstract 
A simple case study of support structure-less, voxel-by-voxel electrochemical deposition of a 3D part 
at the micro scale is introduced. This method allows for the creation of overhanging parts without 
reliance on support structures, which are difficult if not impossible to remove at the micro/nano scale. 
Standard values and procedures are established in order to create design rules for the electrochemical 
deposition process. The voxel size, tool clearance values, raster path generation, approach and retract 
paths, and part segmentation rules are established. The algorithm was then executed on a sample part 
and successful performance was verified. This lays the foundation for future experimental verification 
and commercial adoption of the proposed method. 
 
Keywords: additive manufacturing, electrochemical deposition, support structures 
1 Introduction 
The manufacturing of commercial products is occurring at increasingly smaller sizes. This leads to 
efficiency, portability, and processing capability in many fields, including the medical, automotive, 
optics, electronics, and biotechnology industries. In order to make small-scale manufacturing a reality, 
several micro and nano manufacturing technologies have emerged, including: laser ablation, plating, 
photolithography, lithography, electroplating, molding, chemical etching, and additive manufacturing. 
However, the majority of these manufacturing techniques are mostly limited to 2D or 2.5D 
capabilities, and do not provide the versatility necessary to produce three-dimensional forms. Additive 
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manufacturing  is an up-and-coming process with the potential to build small-scale, complex 3D parts 
from CAD models (Vaezi et al., 2013). Parts can be constructed from varying materials including 
metals, polymers (Vaezi et al., 2013), and even piezoceramic materials (Chabok et al., 2012).   
Localized electrodeposition (LED) is an electrochemical atom-by-atom material addition technique 
(Said, 2004), with high potential as an electrochemical additive manufacturing (ECAM) process  
(Brant et al., 2015; Sundaram et al., 2015). Advantages of this technique over other AM processes 
include: deposition of a wide range of conductive materials (ie: metals, metal alloys, conducting 
polymers, semiconductors), versatile control over deposition growth (as illustrated in Figure 1) and 
absence of heating and subsequent thermal defects  (Bard et al., 1990; Kadekar et al., 2005). These 
advantages make LED a worthwhile micro manufacturing process to improve. 
 
 
Figure 1. Illustration of how the nature of the electrochemical additive manufacturing 
process allows for the avoidance of support structures and more versatile control over material 
growth 
 
While LED has potential to build 3D structures, it poses disadvantages, particularly in flexibility of 
output part geometry. The few studies that have successfully localized depositions are limited to 
simple structures that do not consist of overhanging features, such as metal lines and pillars. This lack 
of complexity in deposit geometry is a major obstacle for the adoption of LED in as a commercial 
additive manufacturing process (Said, 2004). 
Typically, metal additive manufacturing processes require the use of support structures to achieve 
overhanging features and the majority of work on additive manufacturing relies on external support 
structures and the making of each part in strictly vertical layers (Gogate and Pande, 2008; Wegner and 
Witt, 2012; Hoeren and Witt, 2013; Hussein et al., 2013; Strano et al., 2013; Adam and Zimmer, 
2014). Generally, they are seen as  “necessary evil” in additive manufacturing, requiring extra cost in 
removal  (Gibson et al., 2010; Brackett et al., 2011; Strano et al., 2013) , risk of part warpage (Strano 
et al., 2013), risk of damage to delicate part features (Hussein et al., 2013), and potential introduction 
of residual stresses (Doubrovski et al., 2011). Additionally, on the micro and nano scale, it is 
extremely difficult, if not impossible, to create or remove such support structures in the first place. 
Because most of the existing work and algorithms focus on layer-by-layer AM with reliance on 
support structures, there remains work to be done on achieving the AM of a part without building 
support structures. This paper strives to present a novel support structures-less method of additive 
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manufacturing of 3D parts with overhanging features. The process will use voxel-by-voxel deposition 
of the part using the electrochemical additive manufacturing process. This work presents a novel 
combination of applying voxelization to parts that are not necessarily created in a conventional Z-by-Z 
fashion, and do not rely on external support structures. Instead, the material is strategically added to 
existing material in the part and avoids the limitations inherent in depositing in a strictly vertically 
layered fashion with reliance on support structures. In the long run, this enables the electrochemical 
additive manufacturing process to produce more complex parts and become more feasible to adopt as 
a commercial manufacturing process at the micro scale.  
 
A case study of the support structure-less fabrication of a 3D part with overhangs is outlined using 
a simple algorithm.  The program takes the 3D part as input in the form of voxel data, and generates a 
tool path and electrical switching instructions to fabricate a metal part in a voxel-by-voxel fashion.  
2 Literature Review 
2.1 Voxelization 
Voxelization is a 3D modeling technique that describes a solid model of a part as a collection of 
filled and empty volumes in a three-dimensional grid (Gogate and Pande, 2008). Each present or 
absent voxel has a distinct address defined by ,, and  coordinates. The step-size in the vertical 
direction in a voxelized model is equivalent to the layer thickness of the manufactured part; if this 
quantity is set equal to the resolution of the manufacturing setup, then the voxelized model is an 
accurate representation of the actual surface finish of the final part, and can indicate whether any 
slender part features would be lost in the manufacturing process (Gogate and Pande, 2008).  
The ability to define a model by individual small volumes gives the designer control over defining 
which material each volume is composed of (Chandru et al., 1995). The voxelization method also 
enables the designer to directly calculate the expected surface area and volume of the designed part. 
The ability to calculate volume, particularly the intersection volume of two parts, is useful in 
determining the interference and tolerance behavior of an assembly (Chandru et al., 1995). The 
surface area can be calculated as a function of the exposed voxel faces and the merging and 
coagulation behavior of the actual material; this can then be used to know the friction coefficient, 
surface roughness, and assembly contact area of a part (Chandru et al., 1995).  
Finally, voxelization methods allow for integration with already-developed algorithms and 
technologies. For example, anti-aliasing methods used in 2D graphics can be analogously applied to 
3D voxel models in order to determine the optimum layer thickness. Additionally, existing volume 
scanning technologies, such as CT and MRI, can directly import data into a voxelized model that can 
be manipulated voxel-by-voxel as desired, and manufactured, allowing for modifiable replicas of 
prosthetic body parts, archaeological artifacts, and undocumented tooling (Chandru et al., 1995). 
Existing work in voxelization applies to tool path planning (Kulkarni et al., 2000; Yang and Qian, 
2008) and support structure planning. 
2.2 Necessity for design rules 
Despite its advantages, additive manufacturing presents its own set of restrictions. These include 
part resolution, strength, and ability to create certain geometrical features (Gibson et al., 2010). A 
comprehensive set of design rules, which are easily transferrable across individual part designs and 
different additive manufacturing processes, has not been fully developed to account for the limitations 
in additive manufacturing. Preliminary work has been done to build a foundation for a set of such 
rules.  The additive manufacturing process has been reduced into combinations of standard elements 
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(ie: basic volumetric forms and their transitions), with attribute values assigned to each element (ie: 
gap size, overhang length, wall thickness). The attribute values were then experimentally varied to 
find a suitable range within which part quality is highest (Hoeren and Witt, 2013; Adam and Zimmer, 
2014). In addition to quality of individual elements, design rules for the quality of functional elements 
was studied as well. While additive manufacturing can bypass the assembly process for many 
products, this may not be the case for all. Design for assembly still needs to be taken into 
consideration (Gibson et al., 2010), and guidelines must be developed. Work has been done to find a 
suitable range for dimensions (ie: length, radius, and thickness) of components in hooks and joints to 
give an acceptable strain and safety factor (Wegner and Witt, 2012). Additionally, current CAD 
systems are not designed to handle the greatly-increased information and rules that would arise from 
designing parts for additive manufacture. This includes the potential tens of thousands of features and 
hierarchical cell structures, as well as information about material composition and properties in 
varying regions of the part. This is another obstacle to commercial adoption of the process (Gibson et 
al., 2010).  
Overall, it is important to establish design rules and standards to make electrochemical additive 
manufacturing a viable technique in industry. Particularly with the nature of the voxel-by-voxel 
process, and crucial parameters throughout (e.g.: tool clearances) involved, standard values must be 
maintained across the process which can be regulated by establishing design rules. The case study in 
this paper investigates a situation with one specific tool size and clearance. Design rules would need to 
be put in place for other tool sizes and clearances that could potentially be used. 
3 Algorithm setup 
3.1 Overview 
The algorithm consists of the following stages, which are listed below and explained in detail 
individually. 
1. Expression of a 3D model in voxel format 
2. Tool-substrate interaction and dimensioning 
3. 3D part segmentation and build order 
4. Rasterized tool path to deposit each segment 
5. Transition tool path from segment to segment 
3.2 3D Part Segmentation 
The voxelized part will first be broken into distinct 3D regions. This will be accomplished by 
repeatedly scanning the object starting from an initial reference plane in a given direction and 
orientation. The default intitial orientation is in the positive Z direction, and the quantity and 
orientation of subsequent scans will depend on the part geometry.  
First, overhanging features are scanned for. The scan will operate plane-by-plane, from plane 1 to 
, with  being the number of distinct planes found in the given orientation, and  will 
indicate the index of the plane being currently looked at. Any present voxels in the current plane  
are considered “unsupported” if there are absent voxels in the corresponding locations in the previous 
plane   , or if there is a present but unsupported voxel. The voxels that do not fall under this 
condition are considered “supported”, and are saved. This is illustrated in Figure 2.  
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Figure 2. Overhang detection 
 
Next, the unsupported voxels will be analyzed. It will be determined how many separate overhangs 
there are, as well as which orientation the overhangs should be manufactured in. The overhangs are 
projected onto the reference plane and distinct perimeters are found, as illustrated in Figure 3. The 
points in the voxel set are then associated within the perimeter their 2-D projection falls, and then 
tagged to a specific perimeter set (e.g.: voxels projected within the “Perimeter 1” are tagged as “Body 
1” voxels, “Perimeter 2” corresponds to “Body 2”, etc.), and re-associated with their corresponding 
voxels. Multiple voxel points can be associated with one 2-D projection point. 
 
 
Figure 3. Separate voxel body detection 
 
In order to achieve perimeter separation, a modified “gift-wrapping” algorithm is implemented. 
The original inspiration for this algorithm is the Jarvis march, which was designed to find the convex 
hull of a finite set of 2-D points on a plane (Jarvis, 1973). The algorithm was modified to account for 
concave contours, as well as take advantage of the regular, gridded spacing within each plane of voxel 
points. Figure 4 illustrates the iterative process for separating the perimeters. 
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Figure 4. Perimeter separation process for 2-D body projection on plane 
 
Once the overhanging bodies have been found and separated, the build direction for each must be 
determined. The process of finding the build direction from one voxel body to the next is summarized 
in Figure 5. 
 
Figure 5. Determination of build orientation for each separate overhanging body in the part 
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The regions of unsupported voxels and their orientations are then saved for the next scans. The 
scans are performed according to the orientation indicated for each body. This process is iterated until 
no unsupported voxels remain. The final goal of the segmentation portion of the algorithm is to break 
down the entire body into discrete volumes with specific build directions. This information is then 
used by the tool path generation portion of the algorithm, which is described next. 
3.3 Voxel build order within segments 
An order for manufacture of each voxel composing the segments must then be determined. This 
portion of the algorithm only addresses the activity within each segment; the tool behavior in between 
segments will be addressed in a later stage.  
The coordinates of each voxel in the segment, as well as the build direction, are taken as the input, 
and the output is the exact path of voxel-by-voxel creation. The following steps are executed to 
accomplish this, and illustrated in Figure 6: 
1. Divide the entire segment into one-voxel-thick planes normal to the build direction and 
sort the voxel sets composing each plane into increasing order in the build direction. 
2. Divide the planes into one-voxel-wide rows and sort the voxel sets of each row so that 
they travel from one side of the plane to the other sequentially. 
3. Divide each row into its constituent voxels, and sort each row in alternating order (the 
alternation in order also carries over from the last row in one plane to the first row in the 
next plane). 

Figure 6. Ordering of voxel manufacture for a segment 
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As seen in the illustration, the sorting occurs in a hierarchical manner. Initially, large, independent 
amounts of voxels are sorted, and then subdivided into smaller portions, until each independent voxel 
is ordered. The array of all ordered voxels for each segment of index  is denoted . 
3.4 Tool-substrate clearance 
Once the voxel build order is known, the tool path to construct the voxels in this manner must then 
be determined. The tool and voxel dimensions are taken into account, so that the tool is offset an 
appropriate distance from the surface (substrate or built voxels) that it is building upon. The tool is 
treated as an indefinitely tall cylinder with a distinct bottom, as illustrated in Figure 7.  
 
Figure 7. Tool dimension definitions 
 
The entire cylinder is coated with insulation, except for the exposed bottom portion, which is a 
cylinder of radius  and height . The point in the center of the volume is the centroid of the 
exposed portion of the tool, and denoted . The tool moves along all programmed tool paths at this 
point. 
Next, an “engage” position and a “retract” position are defined for the tool. When the tool is 
“engaged”, the tool surface is a distance of voxel size  away from the build surface. This gap must be 
small enough in order to generate a sufficiently high current density and therefore electrochemical 
deposition of a voxel of metal. When the tool is “retracted”, its surface is located a clearance  far 
enough away from the build surface to allow for collision-less tool movement (detailed in the next 
step of the algorithm). Figure 8 illustrates the “engaged” and “retracted” positions of the tool for both 
vertical and horizontal deposition situations. As illustrated, in order to deposit vertically (in the  
direction), the center of the bottom surface of the tool is used. In order to deposit horizontally ( or 
 directions), the center of the side surface of the tool is used. 
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Figure 8. Tool positioning around the build surface 
 
Because the tool movements are programmed using tool and voxel centroids, it is necessary to 
account for the distances between these centroids. Figure 9 details the additional  and   quantities 
that must be accounted for in programming the tool path for build instructions (“engaged tool”) and 
tool path transition instructions (“retracted tool”).  
 
Figure 9. Tool and voxel centroid positioning 
 
These distances are integral to the programming of the tool path. The sums are expressed as 
follows: 
         (5) 
        (6) 
 
The quantity  is used as an offset value for the tool path coordinates, and is added to a specific 
coordinate of each point. The value  is used to generate a set of surrounding voxels around built 
voxels for collision-less tool movement in between segments, as detailed in the next section. 
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3.5 Transition tool path between segments 
In order to determine the space for the tool to move in transition from the endpoint one segment to 
the start point of the next, the following strategy is taken. First, a rectangular prism of voxels that 
surround the voxels which have been built so far to a margin . This margin takes into account half of 
the voxel size , tool radius , and user-specified clearance , in order to ensure that the tool 
center point has an acceptable point to travel by exposed voxels without colliding with the part. 
These preliminary steps are illustrated in Figure 10.  
 
 
Figure 10. Initial development of acceptable tool path region of voxels 
 
As seen in the figure, (a) the part maximum dimensions are obtained, (b) a set of voxels is 
generated surrounding the maximum dimensions, (c) the voxels within a certain clearance are deleted, 
and (d) all voxels vertically beneath an overhanging structure are deleted. 
The resultant set of voxels, after undergoing these subtractions, provides all acceptable locations 
for the centroid of the tool to move around the part and avoid collision. This tool path is programmed 
for the transition path for the tool to move in between segment builds, from the last voxel of a just-
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constructed segment to the location to deposit the first voxel of the next segment. Figure 11 illustrates 
the generation of the tool paths before and after construction of each segment.  
 
Figure 11. Generation of transition path through surrounding part region 
 
Each segment must have an approach and retract path before and after construction, respectively. 
The approach and retract paths are detailed in (a). The approach to construct the first segment is 
consists of lowering the tool from a starting height  to the substrate. For the rest of the segments, the 
approach occurs from the surrounding voxel array to the location of the first voxel, as illustrated in the 
center illustration for (a). The retract path for every segment occurs similarly to the approach path, 
except in reverse direction and moving from the location of the deposition of the final voxel of the 
segment to the surrounding voxel array. The retract path for the final constructed segment also 
consists of moving the tool up back to its initial height . This height value must be determined before 
manufacture to ensure efficiency, but also protection from potential tool-part collision during any 
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post-manufacture handling. As seen in the illustration, the approach and retract paths travel through 
the “forbidden zone”, and occur in corresponding orientation to the segment’s build orientation. 
Outside of approach and retract paths, the transition path must only be programmed in the surrounding
voxel array. The transition path is then added in between the last point of the retract path  and the 
first point of the approach path  in between segments. Only the surrounding voxel points are used to
generate this path. As illustrated in (b), the path is traced one coordinate at a time (x, y, or z), starting 
from . If  and  share no common coordinates, then a direct movement across each coordinate is
traced. The longest movement is then prioritized and checked for obstructions, as illustrated in (c) and
(d). If the path ends in the “forbidden zone”, then an alternate coordinate is considered, as illustrated in
(c). If the path ends in an acceptable region for the tool to move, but is obstructed somewhere in its
center, then the path “wraps around” the forbidden region as illustrated in (d) and detailed in (e). Once
the path from the point of zero common coordinates is traced to the point of one common coordinate,
then the same process is used to subsequently trace the point of one common coordinate to two, and
then finally two to three, as illustrated in (b). Thus, the desired endpoint , the first point of the
approach path to the next segment, is reached. The initial case of three dissimilar points is the most
complicated scenario, but it is entirely possible for  and  to share one or two coordinates. In this
case, the algorithm simply has to go through less iterations.
4 Case study
A standing shape with multiple overhangs and segments was input into the algorithm to test its 
performance. The input shape can be seen in Figure 12, and the output manufacture order can be seen 
in Figure 13. This specific shape is intended to be tested experimentally.
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Figure 13. Voxel manufacture path within the entire part 
5 Limitations of the Process 
There are multiple limitations inherent in the process. Parts that remain a challenge to print include 
those with: 
1. Multiple overlapping overhangs: The fabrication of multiple overlapping overhangs, which are 
present in industrial parts, may pose a challenge with the tool clearance. This is shown in 
Figure 12(a). 
2. Low tool visibility: The fabrication of structures in parts with areas difficult to access by the 
tool remain a challenge. This is shown in Figure 12(b). 
3. Asymmetric structures: Ensuring that the structural balance of asymmetrical structures is 
accounted for, and that the end part will not bend or tip over due to a mass imbalance, remains 
a challenge. This is shown in Figure 12(c). 
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Figure 14. Examples of limitations in the support structureless electrochemical additive manufacturing 
process 
6 Conclusion 
A method of generating instructions for the voxel-by-voxel electrochemical deposition of a 3D part 
is introduced. Standard values and procedures are established in order to create design rules for this 
process, such as voxel size, tool-substrate interaction, tool clearance values, raster path generation, 
approach and retract paths, surrounding tool path voxels, segment separation, segment build order, and 
build direction rules. The algorithm was verified on a 3D part consisting of multiple segments, 
branches, and orientations. Future experimental work is necessary to verify that this method of 
manufacture is physically feasible. Concerns to investigate include:  
• Calibration of the tool size and applied current to deposit voxels of a desired size 
• Determination of any differences in horizontal or vertical methods of deposition using a 
cylindrical tool 
• Determination of any tool shapes with superior performance to a cylindrically-shaped tool 
• Surface texture and resolution of the deposited part 
• Maximum horizontal overhang length that can be generated without part breakage or 
deformity 
• Ensuring the optimal clearance size, and if this can be reliably held constant through 
manufacture 
Overall, this method provides a foundation for the development of design rules for electrochemical 
additive manufacturing on the micro scale. With additional experimental work and calibration, these 
rules can further be refined into a feasible method of support structure-less micro additive 
manufacturing of metals and enhance micro electrochemical deposition as a commercial additive 
manufacturing technique. 
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